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While phosphoryhuion of high-molecular-weight microtubule-associated proteins (MAPS) alters 1he assembly properlies of microtubules in vitro, 
virtually no1hing is known about the influence of MAP phosphorylalion on the timc+calc of microtubule polymer length redistribution. The larler 
has been used as an index of micro1ubulc assembly/disassembly turnover as prcdictcd by the dynamic instability model (Mitchison, T.M. and 
Kirschncr, M.W.(1984)Naturc 31 2.237-342). We have now dctcrmined that under condi1ions leading to 1hc incorporation of S- IO mol phosphoryl 
groups per mol MAP-2 (and about Ct., 3 mot phosphoryl groups per rnol MAP-I and tau), we can reproducibly observe significant acceleration i  
the polymer length redistribu1ion process in a manner consistent wi1h greater microtubule dynamic inaability. WC have also found that MAP 
phosphorylation resulted in more extensive release of MAPs from microtubules as a function of increasing se11 concentra1ion. These rcsul1s arc 
consistent with a weakening of MAPmicro1ubulc interactions upon phosphorylation. 
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1. INTRODUCTION 
Specification of microtubule involvement in cellular 
morphology and motility depends upon the participa- 
tion of microtubule-associated proteins (MAPS), a 
group of cytoskeletal proteins displaying one or several 
of the following properties: (i) ability to co-polymerize 
with tubulin during microtubule assembly; (ii) action on 
tubulin or another MAP in enzyme-catalyzed modifica- 
tion reactions: or (iii) attachment o microtubules in 
ATP-dependent force-generating processes [ 1,2]. Brain 
tissue is especially rich in tubulin and MAPS, and a 
number of studies have demonstrated that the latter 
undergo phosphorylation by endogenous brain protein 
kinases 13-53. In particular, MAP-2 and the tau prote- 
ins, both members of a group of fibrous cytomatrix 
proteins cross-linking microtubules in dendrites and 
axons, are extensively phosphorylated. Theurkauf and 
Vallee [6] shovved that MAP-2 contains CAMP protein 
kinase activity and that MAP-2 is multiply phosphory- 
hued; moreover, Tsuyama et al. [7] demonstrated that 
rat brain MAP-2, after isolation from focused micro- 
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wave-irradiation of brain tissue in the living animal, 
contained about 46 covalently bound phosphoryl 
groups per mol MAP-2. While there is some evidence 
that MAP phosphorylation can aFfect he rate and ex- 
tent of microtubule polymerization in vitro [S], rela- 
tive’?{ little is known about the role of MAP phosphoryl- 
ation in neurons. Because microtubules are subjected to 
processes of assembly and disassembly, a great deal of 
interest centers on characterizing the GTP-dependent 
polymerization process [l]. In the Mitchison and 
Kirschner [S] dynamic instability model, length-changes 
in microtubules at steady-state are thought o arise from 
an overall balance of 2 processes: the first involving 
slow growth of the majority of microtubule polymers; 
and the second arising from the rapid disassembly of a 
smaller fraction of tubules. They proposed that micro- 
tubules exhibit this behavior as a result of the addition 
and release of tubulin dirners to and From the growing 
and depolymerizing microtubules, respectively. One 
possibility is that MAPs, by virtue of their ability IO 
promote microtubule assembly and to reduce the criti- 
cal tubulin concentration eeded For assembly [3], could 
reduce the dynamic instability of microtubules. Accord- 
ingly, Factors that alter the strength of MAP-micro- 
tubule interactions may play a regulatory role in the 
assembly/disassembly of microtubules. Under condi- 
tions that led to the incorporation of S-10 phosphoryl 
groups per MAP-2 molecule, we now report that we 
have reproducibly observed significant acceleration in 
the polymer iength redistribution process in a manner 
indicative of greater microtubule dynamic instability. 
We also found that MAP phosphorylation resulted in 
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a higher level of release of MAPS from microtubules as 
a function of salt concentration, suggesting that weaker 
MAP-microtubule interactions result from phosphoryl- 
ation. 
2. MATERIALS AND METHODS 
Bovine brain microlubule protein, containing tubulin and MAPS 
was isolated through 2 asscmbly/disassslnbly cycles [9], stored at 
-80°C until use. and then subjected to an additional assemblyldisas- 
sembly purilication cycle just prior to use. MAPS were separated from 
tubulin using phospl~ocelluloscchromatography [!I], and dephosphor- 
ylation of MAPS was accomplished by treatment with 1 S U protease- 
free alkaline phosphate (Sigma Chemical Co.) per mg MAPS in 0.1 M 
?(N-morpholino)ethanusulfonic acid. I mM magnesium sulk~e (pH 
6.8) buffer for 30 min. Protein kinasc phospborylation conditions were 
as described by Coughlin et aI. 141 using an ATWGTP-regenerating 
system with acelyl phosphate and accta~ kinasc. Microtubule asscm- 
bly was mwurcd by oprical dcnsiiychangcs ai 350 nm, and microtu- 
bule length measurements were accomplished using indirect immune- 
fluorusccncc microscopy methods [9,10]. Cilutaraldehyde-Axed micro- 
tubules were labeled by the addition of Texas red-conjugaled goat 
unti-mouse IgG (diluted 200 times) after treating microtubule samples 
with mouse anti&ubulin antibodies (diluted 70 times). Microtubule 
lengths wcrc measured for about 400 tubules with a 1% accuracy using 
photomicropruphs (900% magnification) and a GTCO automatic digi- 
tizer. SDS polyacrylamidc gel clcctrophoresis with 7.591, cross-linking 
gels were stained with Coornessie brilliant blue 191. Protein levels were 
estimated using an LKB laser densitometer. 
3. RESULTS AND DISCUSSION 
The objective of this study was to assess changes in 
the time-scale of microtubule length redistribution in 
the presence of unphosphorylated or phosphorylated 
MAPS. We chose conditions that would minimize differ- 
ences in Lhc initial polymer length distribution by as- 
sembling a single sample of microtubule protein, con- 
taining a 3-to-l [tubulin]/[dephospho-MAPs] protein 
weight concentration ratio. After assembly, this sample 
was divided into equal aliquots: one was permitted to 
undergo autophosphorylation by the addition of 0.05 
mM ATP and 2OpM CAMP for 30 min at 37% in the 
presence of an ATPGTP-regenerating system; the other 
sample was incubated under identical conditions in the 
absence of any added ATP. (With companion samples 
containing the same ATP and CAMP concentrations 
plus 2 x 10’ dpm [Y-~‘P]ATP, we carried out SDS gel 
electrophoresis after autophosphorylation, and we ex- 
cised the MAP-l, MAP2 and tau protein bands for 
scintillation counting. Only MAP-2 exhibited signifi- 
cant j’P incorporation, corresponding to S-10 mol 
phosphoryl groups per mol MAP-2 For comparison, 
the level of MAD-1 and tau radiolabeling corresponded 
to less than 0.2 mol phosphoryl groups per mol for each 
of these proteins.) After autophosphorylation, we 
mechanically sheared the assembled microtubules con- 
taining either dephospho- or phospho-MAPS [lo], and 
aliquots were removed and fixed immediately or at 7, 
20, 40 and GO min after shearing. These samples were 
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Microtubule length distribution plots for assembled microtu- 
bules containing dephospho- and phospho-MAPS. Microtubulc 
protein (2.7 mg/ml) was assembled in a pH GJ3 buffer containing 100 
mM 2(Wmorpholino)cthancsulfonicacid, I mM MgC&, 1 mM EGTA 
and IO0 n&l KCI for 30 min at 37”C, and then processed as described 
in the text. Panels A, C, E and G depict the results with dephospho- 
MAPS; 8, D, F and H correspond to the samples containing auto- 
phosphorylated microtubule-associated proteins. 
then diluted in fixation buffer and stained with anti-& 
tubulin antibodies and secondary antibodies as de- 
scribed by Yamauchi and Purich 191. The findings 
presented in Fig. 1 correspond to the polymer length 
distributions of microtubules in the absence and pres- 
ence of CAMP protein kinase phosphorylation. The 
reader will note that the autophosphorylated micro- 
tubule protein underwent significantly faster length dis- 
tribution over the l-h time- course studied, as indicated 
by the broadening of the distribution favoring forma- 
tion of longer tubules. It should also be noted that the 
data in Fig. 1 frames lB,D,F,M are virtually indis- 
tinguishable from tubule length redistribution measure- 
ments made with pure tubulin [IO], as confirmed by us. 
Therefore, MAP phosphorylation under the conditions 
presented here virtually abolishes any effect of MAPS 
on the dynamic instability of microtubules. This is 
shown even more directly in Fig. 2, which represents he 
time-evolution of the average microtubule length for the 
samples hown in Fig. 1. Both phosphorylated and un- 
phosphorylated MAP-containing microtubule sampies 
started off with nearly identical average lengths and 
polymer number concentrations. Phosphorylatcd mi- 
crotubule samples, however, exhibited about a 3-fold 
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Fig. 1. Time-wolution of the average polymer Icng~h of assembled 
micro-tubulcscontainingdepl~ospho- and phoepho-MAE. See Iqcnd 
to Fig. I anrl IIX text for details. 
increase in the rate of length redistribution. as indicated 
by the slope over the first 20 min. The phosphorylated 
microtubule protein samples also reached nearly twice 
the average microtubule length within approximately I 
h after mechanical shearing, a result that was obtained 
in 3 independent experiments. Together, these dnta 
demonstrate that microtubule protein pltosphorylation 
accelerates tubule length redistribution to levels com- 
parable to that observed by Kristofferson et al. [IO] for 
microtubule samples assembled from tubulin in the ab- 
sence of any MAPS. 
When CAMP was omitted from the reaction mixture 
described above, the level of ATP-dependent autophos- 
phorylation was significantly less (l-2 pmol P/mol 
MAP-Z), and length redistribution kinetics were 
virtually identical to samples with dephospho-MAPS. 
Moreover, in companion experiments, we found that 
replacement of ATP by the nonhydrolyzable analogues 
App(CHJp or App(NH)p in the autophosphorylation 
MAP-l 
0.0 0.1 0.2 0.3 
Sodium Chloride (molar) 
step failed to give similar results in the length redistribu- 
tion, further suggesting that the ATP effect is limited to 
phosphorylation and not merely ATP binding. 
Acceleration of microtubule length redistribution 
upon autophosphorylation most probably occurs 
through weakening of the stability interactions of 
MAPS with microtubules. Evidence that MAPs and 
tubules interact largely by ionic forces has been adduced 
by many investigators [I ,2]. To probe this issue further, 
we examined the binding strength of dephospho- and 
phospho-MAPS to microtubules at various salt conccn- 
trations known to alter MAP binding to microtubules. 
A sample of microtubule protein was first assembled, 
and again split into 2 identical aliquots, with only one 
subjected to autophosphorylation by the addition of 
ATP and CAMP. Next, we transferred equivalent vol- 
umes of each sample to pairs of tubes containing assem- 
bly buffer and additional NaCl (to the levels indicated), 
and the microtubule-bound and -unbound MAPS were 
separated by ultraccntrifugrttion at 160 000 x g for 1 h 
in a Beckman Airfup. SDS gel electrophoresis of the 
separated samples was followed by dye staining, and 
dcnsitometry was used to estimate the amount of MAPs 
released from microtubules by the above salt treatment. 
As shown in Fig. 3, both MAP-l and MAP-2 display 
a higher sensitivity to salt desorption when the microtu- 
bules are subjected to autophosphorylation conditions. 
Indeed, despite the fact that less than 0.2 mol P per mol 
MAP-I was observed, the level of MAP-l desorption 
increased by a factor of 2. The length redistribution 
kinetic studies were conducted at ionic strengths corre- 
sponding to the 0.05 M NaCl values in this figure. and 
one can readily recognize in Fig. 3 that the difference 
between the salt desorption properties of dephospho- 
and phospho- MAP-I and MAP-2 is especially evident 
in that salt concentration range. 
MAP-P’ ’ - 
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Fig. 3. Salt-desorption of dophospho- and phospho-MAPS from taxol-stabilized microtubules. Microtubule protein (9.G mg/ml) was asscmblsd as 
decribrci in El;. i ,OIM sampi E ako contnincd 9.5 rnk{ ATP and 20jrM CAMP. Afier cold depolymerization (at 4°C for 20 min). assembly was 
induced by the addition of 20 ,uM tax01 at 37°C for 30 min. Aliquots (0.1 ml) were then transferred to microccntriruge tubes containing 50 ,rtl 01’ 
the same buffer containing additional NaCl at the designated concentrations. The samples were then ccntriruged (160 000 x s) for I II nt 37°C in 
an Airl’uge; then. the supernalant and pellet kdCliOnS were subjcctcd to SDS gel clectraphorcsis. Coomassie brilliant blue dye binding. and 
dcnsitometry to estimate the amount (arbitrary dcnsilomelry unils) of MAP-I and MAP-2 released in the presence of added salt. 
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The detailed role(s) of protein phosphorylation in 
controlling neuronal cytoskeletal processes remain to be 
elucidated, but in vitro studies promise to shed light on 
molecular properties of cytoskeletal components that 
may offer regulatory options. Ultimately, one would 
like to understand the factors that control the number 
of microtubules per cell, their rate of turnover, alid their 
spatial distribution in living cells. This is a challenging 
goal that has been only partially achieved through the 
use of photobleaching [I 1,121 and biotinylated-tubulin 
[I33 exchange xperiments. In particular, Schulze and 
Kirschaer [ 131 recently presented evidence for the oc- 
currence of both stable and dynamic microtubules in 
African Green monkey kidney libroblasts. They found 
that the average BSC-L cell contains about 700 microtu- 
bules with approximately 500 growing at 4 pm min-‘, 
100 shrinking at approximately 20 pm min”, and the 
remaining tubules exhibiting more stability with respect 
to exchange. Likewise, we have used [‘“Clguanine to 
metabolically label a pheochromocytoma cell line 
(PC 12), and we have analyzed the time-course of the rise 
in specific radioactivity of the cytosolic GTP and micro- 
tubule cytoskeletal-bound GDP: this study demon- 
strated that these neuronal cells display very rapid mi- 
crotubule assembly/disassembly turnover, with only a 
l-3 min delay in labelling of the above pools (J.M. 
Angelastro and D.L. Purich, unpublished findings). In- 
terestingly, this nerve growth factor-responsive c ll line 
contains very little MAP-2 and relatively lower amounts 
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of tau protein than found in brain tissue, but MAP 
kinases are thought to influence neurite outgrowth in 
response to this growth factor. Nonetheless, studies of 
the intracellular dynamics of microtubules have not yet 
reached the stage where the impact of protein phosphor- 
ylation can be directly addressed, and new experimental 
approaches must be developed to address this issue. 
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